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We present a mechanism to generate the baryon asymmetry of the Universe which preserves the
net baryon number created in the Big Bang. If dark matter particles carry baryon number BX ,
and σannih
X¯
< σannihX , the X¯ ’s freeze out at a higher temperature and have a larger relic density than
X’s. If mX <∼ 4.5BX GeV and the annihilation cross sections differ by O(10%) or more, this type
of scenario naturally explains the observed ΩDM ≈ 5Ωb. Two concrete examples are given, one of
which can be excluded on observational grounds.
The abundance of baryons and dark matter (DM) in
our Universe poses several challenging puzzles:
• Why is there a non-zero net nucleon density and what
determines its value?
• What does dark matter consist of?
• Is it an accident that the dark matter density is roughly
comparable to the nucleon density, ρDM = 5 ρN?
As pointed out by Sakharov[1], baryogensis requires
three conditions: non-conservation of baryon number,
violation of C and CP, and a departure from thermal
equilibrium. The last is provided by the expansion of the
Universe and the first two are naturally present in uni-
fied theories and even in the standard model at temper-
atures above the electroweak phase transition. However
in most approaches the origins of DM and the Baryon
Asymmetry of the Universe (BAU) are completely unre-
lated and their densities could naturally differ by many
orders of magnitude. In this Letter we propose a new
type of scenario, in which the observed baryon asymme-
try is due to the separation of baryon number between
ordinary matter and dark matter and not to a net change
in the total baryon number since the Big Bang. (See [2]
for other papers with this aim.) Thus the abundances of
nucleons and dark matter are related. The first Sakharov
condition is not required, while the last two remain es-
sential. We give explicit examples in which anti-baryon
number is sequestered at temperatures of order 100 MeV.
There is no need for the Universe to reach significantly
higher temperatures, so the number of e-foldings required
in inflation is reduced, potentially ameliorating difficul-
ties with Early Universe models.
CPT requires that the total interaction rate of any en-
semble of particles and antiparticles is the same as for
the conjugate state in which each particle is replaced by
its antiparticle and all spins are reversed. However in-
dividual channels need not have the same rate so, when
CP is violated, the annihilation rates of the CP reversed
systems are not in general equal. A difference in the an-
nihilation cross section, σannih
X¯
< σannihX , means that the
freeze out temperature for X ’s (TX) is lower than for X¯ ’s
(TX¯). After the X¯’s freeze out, the X ’s continue to anni-
hilate until the temperature drops to TX , removing BX
antinucleons for each X which annihilates.
Assuming there are no other significant contributions
to the DM density, the present values noN , noX and no X¯
are determined in terms of mX , BX and the observables
ΩDM
Ωb
and noNno γ ≡ η10 10−10 or ρcrit. (Following common
usage, the subscript b refers to the baryon number in ordi-
nary matter.) Observations yield η10 = 6.5
+0.4
−0.3, Ωmh
2 =
0.14±0.02, Ωbh2 = 0.024±0.001[3], so ΩDMΩb = 4.83±0.87.
Given the values of these observables, we can “reverse en-
gineer” the process of baryon-number-segregation.
For brevity, suppose there is only one significant
species of DM particle. Let us define ǫ ≡ nXnX¯ . Then
the total energy density in X ’s and X¯’s is ρDM =
mXnX¯(1+ǫ). By hypothesis, the baryon number density
in nucleons equals the antibaryon number density in X
and X¯ ’s, so BXnX¯(1− ǫ) = (nN − nN¯) = ρbmN . Thus
ΩDM
Ωb
=
(
1 + ǫ
1− ǫ
)
mX
mNBX
. (1)
As long as the DM particle mass is of order hadronic
masses and ǫ is not too close to 1, this type of scenario
naturally accounts for the fact that the DM and ordi-
nary matter densities are of the same order of magnitude.
Furthermore, since 1+ǫ
1−ǫ ≥ 1, the DM density in this sce-
nario must be greater than the nucleonic density (unless
mX < mNBX), as observed.
Given the parameters of our Universe, we can in-
stead write (1) as an equation for the DM mass mX =(
1−ǫ
1+ǫ
)
ΩDM
Ωb
BXmN . For low baryon number, BX = 1 (2),
this implies mX <∼ 4.5 (9)GeV. If dark matter has other
components in addition to the X and X¯, the X must be
lighter still. The observed BAU can be due to baryon
number sequestration with heavy DM only if BX is very
large, e.g., strangelets or Q-balls. However segregating
the baryon number in such cases is challenging.
As an existence proof and to focus our discussion of the
issues, we present two concrete scenarios. In one, the DM
particles are theH (strangeness -2 dibaryon) and H¯ , with
mX = 2 GeV and BX = 2; CP violation beyond CKM
is required in the Early Universe when T ∼ 100 MeV. In
the second scenario we postulate a new particle X with
BX = 1 and mass <∼ 4.5 GeV, which couples to quarks
through dimension-6 operators coming from beyond-the-
standard-model physics; CP violation is naturally large
2enough, O(10%), because all three quark generations are
involved and the new interactions in general also violate
CP. As we shall see, the H, H¯ model can be excluded
in an almost model independent way, while the BX = 1
model seems unassailable on experimental grounds, ex-
cept that it will be excluded if DM-induced nuclear recoil
is detected.
We begin by deducing the properties of the DM parti-
cle X and their interactions, which are required in order
to obtain the correct relic abundances of baryons and
DM. The annihilation rate of particles of type j with
particles of type i is Γannihj (T ) = Σi ni(T )〈σannihij vij〉,
where ni is the number density of the ith species, vij is
the relative velocity, and 〈...〉 indicates a thermal aver-
age. As the Universe cools, the densities of all the par-
ticle species decrease and eventually the rate of even the
most important annihilation reaction falls below the ex-
pansion rate of the Universe. The temperature at which
this occurs is called the freezeout temperature Tj, sat-
isfying Γannihj (Tj) = H(Tj) = 1.66
√
g∗ T
2
j /MPl, where
g∗ is the effective number of relativistic degrees of free-
dom at temperature Tj [4]. Between a few MeV and
the QCD phase transition the only relativistic degrees
of freedom in equilibrium are neutrinos, e± and γ’s and
g∗ = 10.75. Above the QCD phase transition, which is
estimated to be within the range 100 to 200 MeV, light
quarks and antiquarks (q, q¯) and µ± are also relativistic
species in equilibrium, giving g∗ = 56.25. As we shall see,
freezeout is below the QCD phase transition in the H, H¯
scenario, and above it in our BX = 1 example accord-
ing to standard estimates of TQCD. Relic abundances
are in general determined by solving coupled Boltzmann
equations, but to a good approximation are given by the
equilibrium densities at freeze out temperature, nX¯(TX¯)
and nX(TX)[4].
Given mX , BX and gX (the number of degrees of free-
dom of the X particle), the temperature TX¯ at which X¯ ’s
must freeze out to give the observed abundances satisfies:
nX¯ − nX
nX¯
nX¯
nγ
= (1− ǫ)π
2gXx
3/2
X¯
e−xX¯
2ζ(3)(2π)3/2
=
10.75
3.91
η1010
−10
BX
,
(2)
where xX¯ ≡ mX/TX¯ . 10.753.91 is the factor by which nbnγ
increases above e± annihilation. The equation for X
freezeout is the same, with (1− ǫ)→ (1− ǫ)/ǫ. Freezeout
parameters for the two specific models are given in Table
I; σ˜ ≡ 〈σann|v|〉/〈|v|〉 denotes the effective annihilation
cross section, averaged over the relevant distribution of
c.m. kinetic energies at freezeout.
A key element of baryon-number sequestration is that
self-annihilation cannot be important for maintaining
equilibrium prior to freeze out, or else an asymmetry
between X and X¯ cannot arise. Due to their higher
mass, X, X¯ abundances are much lower than light quarks
and nucleons at freeze-out. Thus the required dominance
of co-annihilation obtains as long as the co-annihilation
cross section at freezeout in the most important chan-
nel for maintaining equilibrium, σco−ann
X¯
, is not too small
– specifically, σann
X¯q
>∼ 10−11σannX¯X and σannX¯N >∼ 10−5σannX¯X in
the BX = 1 and H, H¯ scenarios respectively.
TABLE I: Required freezeout temperatures and annihilation
cross sections at freezeout.
Model TX¯ MeV TX MeV σ˜
ann
X¯
cm2 σ˜annX cm
2
H, H¯ 86.3 84.5 2.2 10−41 2.8 10−41
BX = 1 180 159 1.3 10
−43 5.7 10−43
CPT requires that σannX +σ
non−ann
X = σ
ann
X¯
+σnon−ann
X¯
.
Therefore a non-trivial consistency condition in this sce-
nario is σannX − σannX¯ ≤ σnon−annX¯ . The value of the LHS
needed for B-sequestration (see Table I) is comfortably
compatible with σnon−ann
X¯
≥ σel
X¯
and the upper limits on
σnon−ann
X¯
from DM searches.
Nucleosynthesis works the same way in these scenar-
ios as for standard CDM, because σ{X,X¯}N is negligible
compared to σNN and the X, X¯ do not bind to nuclei[5].
Thus primordial light element abundances actually con-
strain the nucleon – rather than baryon – to photon ratio.
We now turn to whether it is possible to achieve the
required particle physics in the BX = 1, 2 scenarios,
and then to observational constraints. The essential par-
ticle physics requirements are that the lifetime of the
DM particle be larger than the age of the universe, the
properties of the DM particle be consistent with accel-
erator constraints, the scattering cross section of X and
X¯ from nucleons be consistent with present limits from
DM detectors, and that annihilation of X¯ with nucleons
in Earth, Sun, galactic center and elsewhere not be ob-
served. Remarkably, if the H is compact, rH <∼ rN/(2−3),
and lighter than mΛ + mN , its lifetime could be suffi-
ciently long and it would not be excluded by double-Λ
hypernuclei experiments, seen in H production experi-
ments, or lead to unobserved exotic isotopes [5], so from a
purely particle physics standpoint the H, H¯ DM scenario
is viable at present; details and additional references are
given in [6]. Now we show that our other scenario, a light
fundamental particle with BX = 1, mX <∼ 4.5 GeV and
the required coupling to quarks is also consistent with
laboratory and observational constraints.
In order to be sufficiently weakly coupled (see Table
I), the X in the BX = 1, mX <∼ 4.5 GeV scenario should
be a standard-model singlet, and its low mass suggests
it may be a fermion whose mass is protected by a chiral
symmetry. Then, dimension-6 interactions with quarks
could appear in the low energy effective theory after high
scale interactions, e.g., those responsible for the family
structure of the Standard Model, have been integrated
out, for instance
κ(X¯b d¯cc− X¯c d¯cb) + h.c., (3)
where the b and c fields are left-handed SU(2) doublets
combined to form an SU(2) singlet and dc is the charge
conjugate of the SU(2) singlet field dR, and κ ∼ g2/Λ2,
3where Λ is an energy scale of new physics. The sup-
pressed color and spin indices are those of the antisym-
metric operator O˜a˙ given in equation (10) of ref. [7]. The
X is a singlet under all standard model interactions and
its only interaction with fields of the standard model are
through operators such as (3). Note that κ is in general
temperature dependent; we denote its value today and
at freezeout by κ0 and κfo. Prior to freezeout, X¯’s stay
in equilibrium through reactions like
d+ X¯ ↔ b¯ c¯. (4)
The coupling κ in (3) is in general complex and a variety
of diagrams involving all three generations and including
both W exchange and penguins contribute to generating
the effective interaction in (4), so the conditions neces-
sary for a sizable CP-violating asymmetry between σannX
and σann
X¯
are in place. An interaction such as (3) leads
to an annihilation cross section at freezeout
σb¯c¯→X¯d ≈ κ2fo
√
mc
Tfo
mX [(mb +mc)
2 −m2X ]2
(mb +mc)3
. (5)
For the freezeout of X to occur at the correct temper-
ature (see Table 1), κfo ≈ 10−8GeV−2 is needed. This
suggests an energy scale for new physics of Λ<∼ 10 TeV,
taking dimensionless couplings to be <∼ 1.
X particles can decay via production of bcd quarks.
For an X particle mass of 4.5 GeV the decay is off-shell,
with a W exchange between b and c quarks, giving X →
csd. The decay rate of X at zero temperature can be
estimated as:
Γ ∼ m5Xκ20g4W |VbcVcs|2, (6)
where gW is the electroweak SU(2) gauge coupling and
the V ’s are mixing angles. The condition τX >∼ τUniv con-
strains the X coupling today: κ0<∼ 10−20 GeV−2. Thus
for X to be a valid dark matter candidate, its coupling
to ordinary matter needs to have a strong temperature
dependence, changing from 10−8GeV−2 at a tempera-
ture of ∼ 180 MeV, to 10−20GeV−2 or effectively zero,
at zero temperature. The most attractive way to do this
would be if the interaction (3) were related somehow to a
sphaleron-type phenomenon which was allowed above the
QCD or chiral phase transition, but strongly suppressed
at low temperature. We do not attempt to develop such
a model here, but instead give two examples that show
the desired dramatic change in κ is possible.
If the interaction (3) is mediated by a field η with cou-
plings of order 1, its effective mass mη should vary from
10 TeV at T ≈ 180 MeV to 1010 TeV at zero temper-
ature. Let the η mass be due to the VEV of a neutral
scalar field σ and a bare mass term. The VEV of σ can
be rapidly driven from zero to some fixed value resulting
in the desired mass change in η by several possible mech-
anisms. The simplest requires only one additional field
with the zero temperature interaction
V (η, σ) = −m2σσ2 + α1σ4 + α2η4 + 2α3σ2η2. (7)
The global minimum of this potential at zero tempera-
ture is at 〈η〉 = 0, 〈σ2〉 = ±m2σ/(2α1), giving mη,0 =√
2α3σ2 =
√
(α3/α1)mσ, which must be >∼ 1010 TeV to
assure sufficiently long-lived DM. At higher temperature,
one loop corrections contribute to the potential and in-
troduce a temperature dependence [8, 9]:
Vloop =
2α1 + α3
6
T 2σ2 +
2α2 + α3
6
T 2η2. (8)
The new condition for the minimum of the potential in
the σ direction becomes
〈σ2〉 = m
2
σ − T 2 (2α1 + α3) /3
4α1
, (9)
and for temperatures higher than the critical value
TCR =
3m2σ
2α1+α3
the potential has a unique minimum at
〈η〉 = 0, 〈σ〉 = 0. To obtain TCR ∼ 180 MeV with
the conditions above implies α3 ∼ 107√α1. This looks
fine-tuned, but that defect can be removed by introduc-
ing another scalar field φ as in Linde’s hybrid inflation
models [10]. In this scenario a very light overall-singlet
scalar is required, which presents naturalness challenges
but seems otherwise to be consistent with cosmology; de-
tails can be found in ref. [11].
The approach presented here to solve the DM and BAU
puzzles at the same time, with anti-baryonic dark mat-
ter, can run afoul of observations in several ways which
we now check. The scattering cross sections σXN and
σX¯N must be compatible with DM searches. The H, re-
markably, passes this test at present because for σHN
and σH¯N of order µb – a reasonable cross section in
the compact-H scenario [12] – there is a window in the
DM limits for MDM <∼ 2.2 GeV [13]. The allowed win-
dow could be easily closed, but it is fascinating that it
falls in the right range for the H DM model. The X and
X¯ are more like conventional DM so standard WIMP
searches constrain the low energy scattering cross sec-
tion σDM ≡ (σelX¯N + ǫσelXN )/(1 + ǫ); the present limit is
σDM <∼ 10−38cm2 for a 4 GeV particle. It is not possible
to predict σXN and σX¯N for a given value of κ0 from the
X lifetime without understanding how the interaction (3)
is generated, since it is not renormalizable. A naive guess
σelXN{X¯N} ∼ κ4Λ4
m2Xm
2
N
(mX +mN )2
∼ 10−67 cm2 (10)
is far out of reach of currently imagined sensitivities using
the maximum allowed value of κ0, but the actual value
of the scattering cross section on nucleons depends on
the high-scale physics and could be significantly larger
or smaller.
Another consideration, not present in conventional DM
scenarios, arises because of the possibility of annihilation
of the anti-baryonic component of DM with nucleons.
Since DM does not concentrate to the extent that nu-
cleons do, this can be much more important than self-
annihilation in conventional WIMP scenarios. The final
4products of X¯N and H¯N annihilation are mostly pions
and some kaons, with energies of order 0.1 to 1 GeV.
If the DM scattering cross section on nucleons is large
enough that a significant fraction fcap of the incident DM
particles is captured in a planet or star of effective cross-
sectional area S, and evaporation can be neglected as is
the case here, we have the following model-independent
lower bound on the power released in annihilation, inde-
pendent of the annihilation cross section and the mass of
the DM particle:
Power ≥ fcapS〈ρDMvDM 〉, (11)
where S〈ρDM/mX vDM 〉 is the captured number of DM
particles per unit time. Equation (11) follows because ev-
ery annihilation releases mX + BXmN ≥ mX of energy.
Uranus is large and has extremely low insolation, and
there is no evidence of any internal source of heat[14].
With a µb scattering cross section and using the Ed-
sjo et al flux calculation[15], the predicted power in H¯
annihilation in Uranus is ≈ 10 times greater than the ex-
perimental upper limit, (the predicted power is 470 erg
cm2s−1, while the measured value is 42± 47 erg cm2s−1)
[14]. Thus we can exclude the H, H¯ dark matter scenario
without delving into the difficult particle physics dynam-
ics of the H which would determine, for instance, the H¯
annihilation cross section. (Ref. [16] uses annihilation in
the sun, along with guesses about H and H¯ properties,
to argue against the H, H¯ DM scenario.)
However if the DM is a new particle with very weak
elastic scattering interactions with nucleons, a negligi-
ble fraction of the DM flux is captured and (11) does
not apply. In this case, the very stability of the X im-
plies that its interaction with light quarks is so weak that
its annihilation rate in the T = 0 universe is almost in-
finitesimally small. The cross section for the dominant
annihilation processes such as X¯N → D¯K is governed
by the same Feynman diagrams (in a crossed channel)
as govern X decay; dimensional arguments lead to the
order-of-magnitude relation
σannX¯N v ∼ m−3X τ−1X <∼ 10−72(30Gyr/τX)cm2. (12)
DM in this model will be virtually impossible to detect
directly or through its annihilations, unless the scattering
cross section is much larger than the naive estimate (12).
One might hope to find direct evidence for such an X
particle via the existence of strikingly exotic final states
in rare B decay, e.g., B → XΛ¯c + mesons, which would
have considerable missing energy and seemingly violate
baryon number. Unfortunately, the branching fraction
for such a decay would be of order (κ0/GF )
2<∼ 10−30
rendering it effectively unobervable. Similarly, produc-
tion of X ’s and X¯ in accelerators even at LHC energies
∼ Λ would be – at least naively – negligibly small.
To summarize, we have shown that the dark matter
and baryon asymmetry puzzles may be related. We
presented two concrete scenarios, in which the observed
values of ΩDM and Ωb are explained. One of them entails
a long-lived H dibaryon, but we excluded that scenario
by limits on heat production in Uranus. The other case
involves a new ∼ 4 GeV particle with dimension-6 cou-
plings to quarks. Although the required parameters for
this scenario can be seem to be achievable with beyond-
the-standard-model particle physics, our analysis shows
that the required new DM particle will be virtually
impossible to detect with DM detection experiments,
accelerator experiments, or astrophysical searches for
annihilation products. Thus unless the model is excluded
by discovery of a signal in DM detection experiments,
it will have to be judged primarily on theoretical grounds.
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